Abstract-In the last decades, technological development has led to an increasing use of devices and systems based on microwave radiation. The increased employment of these devices has elicited questions about the potential long-term health consequences associated with microwave radiation exposure. From this perspective, biological effects of microwave radiation have been the focus of many studies, but the reported scientific data are unclear and contradictory. The aim of this study is to evaluate the potential genotoxic and cellular effects associated with in vitro exposure of human fetal and adult fibroblasts to microwave radiation at the frequency of 25 GHz. For this purpose, several genetic and biological end points were evaluated. Results obtained from comet assay, phosphorylation of H2AX histone, and antikinetochore antibody (CREST)-negative micronuclei frequency excluded direct DNA damage to human fetal and adult fibroblasts exposed to microwaves. No induction of apoptosis or changes in prosurvival signalling proteins were detected. Moreover, CREST analysis showed for both the cell lines an increase in the total number of micronuclei and centromere positive micronuclei in exposed samples, indicating aneuploidy induction due to chromosome loss. Health Phys. 115(1):126-139; 2018 
INTRODUCTION
RADIOFREQUENCY (RF) electromagnetic fields fall within the nonionizing portion of the electromagnetic spectrum extending in frequency from 100 kHz to 300 GHz. More specifically, RF radiation ranging from 300 MHz to 300 GHz is referred to as microwave (MW) radiation (IARC 2013) .
MW radiation is employed in a great variety of private and public environments for communications, radar systems, heating purposes, and recently for the treatment of oncological pathologies and other therapies (Golio and Golio 2008) . Due to the widespread use of MW radiation, there is concern for the possible adverse effects on human health and the biological effects associated with exposure to this radiation. Besides well-characterized thermal effects, nonthermal effects are still unclear (Trosic and Pavicic 2009; Hao et al. 2015; Manna and Ghosh 2016) . Even though several studies have been performed to investigate health and biological effects of RF fields and MW radiation (ICNIRP 2009 ) using different approaches, the answers remain unclear, suggesting in some cases health risks and biological effects while in others no clinical and biological response is associated with RF and MW exposure (Kundi et al. 2004; Vershaeve et al., 2010; Manna and Ghosh 2016) .
In vitro investigations reported in literature have been performed using different frequencies, cellular models, and end points (Table 1) ; in particular, genotoxic damage from RF fields or MW radiation has been assessed mostly on human lymphocytes evaluating single-strand breaks (SSBs) and double-strand breaks (DSBs) at the DNA level and analyzing micronuclei (MN) induction and chromosomal aberrations at the cytogenetic level (Miyakoshi 2013) .
Most of the investigations using comet assay in human lymphocytes did not report DNA damage after exposure whereas some studies described this effect in rat brain cells [reviewed by Vijayalaxmi and Obe (2004) and Vershaeve et al. (2010) ]. In a few instances, DNA damage was evaluated by gamma-H2AX foci analysis, suggesting that the Reviewed in Manna and Ghosh (2016) .
c Reviewed in Ruediger (2009). effects of MW radiation from global system for mobile communication (GSM) telephones on lymphocytes could be related to frequency (Markovà et al. 2005) or to exposure time in Chinese hamster lung cells (Zhang et al. 2006) . Some authors observed increased MN frequency after exposure to MW radiation (d'Ambrosio et al. 1995; ZottiMartelli et al. 2000; Tice et al. 2002) , whereas other studies found no MN induction in exposed cells (Stronati et al. 2006) . The evaluation of this end point is interesting because it may reflect structural, as well as numerical, chromosome aberrations. In particular, numerical chromosome aberrations could be assessed by MN-CREST assay using antibody against kinetochore proteins: kinetochorenegative MN indicate acentric fragments originating from chromosome breakage whereas kinetochore-positive MN indicate aneuploidy (abnormal number of chromosomes) by whole chromosome loss (Farooqi et al. 1993) . However, most studies did not use centromere probes, and an aneugenic effect was deduced indirectly. For example, Tice and colleagues (Tice et al. 2002) observed in RF-exposed cells increased MN induction and no DNA strand breaks, suggesting an aneugenic effect (Vershaeve et al., 2010) . Among the few studies evaluating aneuploidy in exposed cells, some were performed by MN-CREST analysis while others were performed by fluorescence in situ hybridization (FISH) using centromeric probes for specific chromosomes (Koyama et al. 2003; Mazor et al. 2008; Schwarz et al. 2008; Bourthoumieu et al. 2011) . Some authors using these approaches reported increased aneuploidy in MW-exposed cells (Mazor et al. 2008; Koyama et al. 2003) . In contrast, Bourthoumieu and colleagues in their study reported no changes in the rate of aneuploidy after MW exposure.
In addition to genotoxic effects, some investigations based on ultrastructural observation focused on the identification of potential cellular morphology changes. In a study performed on rat axons exposed to RF radiation, electron microscopy revealed different degrees of ultrastructural damage: abnormal membranes and morphology of mitochondria, as well as disruption and disorganization of microfilaments and microtubules (Erdine et al. 2009) .
In this study the chosen frequency is 25 GHz, which is within the frequency range used for radar systems in military field applications and in civil applications such as for automotive collision avoidance (Golio and Golio 2008) . Since MW radiation penetrates only a few hundred micrometers of the skin (Zhadobov et al. 2011) , human skin fibroblasts were used as the cellular model. In order to evaluate possible different responses associated with the cell developmental age, the experiments were performed on fetal and adult fibroblasts. Thus, to overcome the conflicting results obtained in previous studies, the present research aimed to evaluate the genotoxic and cellular effects of MW radiation by a multidisciplinary approach using different genetic and biological end points. Comet assay and H2AX phosphorylation analysis were performed to evaluate DNA breaks. To assess chromosome damage and to define its aneugenic or clastogenic origin, CREST analysis was carried out, and malsegregation events were analyzed by nondisjunction (ND). Telomere length modulation was evaluated to understand if this chromosome structure, playing a role in genetic stability (Sgura and Cimini 2009) , is involved in the potential genotoxic effects observed. Apoptosis induction or changes in prosurvival signaling proteins were also assessed, and finally, ultrastructural analysis was performed to detect possible morphology changes in exposed cells.
MATERIALS AND METHODS
Cell culture preparation and assays used were described in the authors' previous study on terahertz radiation (De Amicis et al. 2015) .
Cell cultures
Human Caucasian fetal foreskin fibroblasts [HFFF2; European Collection of Authenticated Cell Cultures (ECACC), Public Health England, Porton Down, Salisbury, SP4 0JG UK] and adult human dermal fibroblasts (HDF; ECACC) were cultured in Dulbecco's modified Eagle's medium (DMEM; Euroclone, Via Figino, 20/22, 20016 Pero, Milan, Italy) supplemented with 10% fetal bovine serum (Euroclone), 1% 2 mM L-glutamine, and 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific, via Tiepolo, 18, 20900 Monza, Italy). For adult cell cultures, the medium was supplemented also with 1% nonessential amino acids (Euroclone). Cell cultures were grown and incubated at 37°C in a humidified atmosphere with 5% CO 2 . Twenty-four hours before MW exposure, cells were seeded into 6 cm diameter polystyrene petri dishes (Corning 3295; VWR International s.r.l., via San Giusto 85, 20153, Milan, Italy) in 5 mL of medium at a density of 2-2.5 Â 10 5 cells.
MW source and exposure setup
Exposure at the frequency of 25 GHz was obtained using a continuous-wave (CW), solid-state source [MLOS-1840 yttrium-iron-garnet (YIG) oscillator; Micro Lambda Wireless Inc., 46515 Landing Parkway, Fremont, CA 94538 USA] tunable to the frequency range of 18-40 GHz with a CW power of 20 mW. The exposure setup (Fig. 1) consists of a pyramidal horn antenna fed by a double-ridge rectangular waveguide. The latter is excited by a YIG oscillator through a coaxial cable. The horn antenna is placed inside a metallic cylinder and aligned along its axis; the antenna aperture of 3.5 cm Â 2.8 cm is placed at a distance of h = 5.65 cm from the top plate aperture of the cylinder, where the petri dish, labeled "MW exposed," is placed.
An additional pyramidal horn antenna and a calibrated Schottky diode are placed above the petri dish to monitor the incident power flux density immediately before irradiation and the transmitted intensity during exposure. The exposure setup is illustrated in Fig. 1 .
The exposure setup has been designed to provide irradiation (as uniformly as possible) of the monolayer of fibroblasts adhering to the bottom of the petri dish. To this aim, the MW system was modeled using Computer Simulation Technology's (CST) Microwave Studio (CST, Bad Nauheimer Str. 19, 64289 Darmstadt, Germany) and ANSYS's highfrequency structure simulator (HFSS) software (ANSYS Inc., 2600 ANSYS Dr., Canonsburg, PA 15317 USA). The predicted intensity of the radiated electric field has been validated against measurements of the field components orthogonal to the beam axis performed by scanning the area above the sample position with a waveguide probe and a Schottky diode following the method described in Ravera et al. (2016) . During the 20 min irradiation time, performed at the ambient temperature of 20°C, the average incident power flux density of the radiation was 0.80 mW cm −2
. Since the cells form a thin layer of approximately 10 mm thickness adhering to the bottom of the petri dish, a specific absorption rate (SAR) of about 20 mW g −1 was calculated according to the model described by De Amicis et al. (2015) and reported in the appendix of this paper.
The corresponding SAR calculated by means of the HFSS code is shown in Fig. 2 for comparison purposes. For each irradiation experiment, an unexposed sample subjected to the same condition (with the exception of the radiation itself ) was placed in the same working area and defined as a sham sample.
Mathematical evaluation of maximum temperature rise and temperature measurements
The maximum temperature rise DT MAX of the 5 mL sample that could be induced during exposure can be estimated under adiabatic conditions assuming that the entire energy delivered over the irradiation time, Dt = 20 min, taking into account a reflection R = 0.4 from the petri dish surface, results in heating:
where P av = 20 mW, C is the specific heat of the sample [assumed equal to 4.18 J (g Â°C)
], and M P is the mass (5 g) of the entire liquid sample in the petri dish.
In a series of calibration experiments, the temperature distribution over the sample area was monitored during the irradiation time using an infrared camera (FLIR A325; FLIR Systems Trading, Luxemburgstraat 2, 2321 Meer, Belgium) with 0.2°C resolution. The observed temperature variation was about 0.3°C. However, this provides an indication of the average temperature variation of the whole petri dish only, since the material of the petri dish (polystyrene), which is transparent to the 25 GHz radiation, turned out to be opaque to the infrared radiation measured by the camera. To overcome this problem, temperature measurements were performed using a miniaturized thermocouple temperature probe (Fluke type K; Fluke Italia s.r.l., viale Lombardia 218, 20861 Brugherio, MB, Italy) placed inside a petri dish with the wire orthogonal to the electric field of the incident radiation. Additional control samples were also prepared, in which the petri dish containing the shamexposed sample was in turn placed inside a second petri dish containing a water layer sufficient to absorb 99% of the 25 GHz incident radiation (Fig. 3) . In this way the new samples, denominated "sham-thermal," are subject to the same thermal variations induced by the surrounding environment, if any, without direct exposure to the 25 GHz radiation. The temperature variation, measured in this way for both the MW and the sham-thermal samples, was 0.6°C over the 20 min irradiation time, and it was found to be due to the heat dissipated by the YIG electrical power supply in the YIG source itself, which is inherently located near the exposure setup (Fig. 1b) .
Cell cycle analysis
The effect of MW radiation on the cell cycle was determined by flow cytometry analysis. Asynchronized logphase growing HFFF2 and HDF cells (~2.5 Â 10 5 per well in six-well plates) were exposed to MW radiation, and nonirradiated cells were used as negative controls (shams). At 1 h and 24 h after irradiation, adherent and suspended cells were harvested, centrifuged at 1,500 rpm for 10 min, and washed twice with cold phosphate buffered saline (PBS). The assay was performed as previously described (Masuelli et al. 2017) . Cells were analyzed with flow cytometry using a FACSCalibur cytometer running CellQuest software (BD Biosciences, 1 Becton Dr., Franklin Lakes, NJ 07417 USA), and three experiments were performed for each cell line.
Comet assay
The alkaline comet assay was performed using Trevigen's CometAssay Kit (Trevigen, 8405 Helgerman Ct., Gaithersburg, MD 20877 USA). The assay was carried out 2 h and 24 h after irradiation. About 50 cells per slide were analyzed using an Axio Imager A1 microscope (Carl Zeiss AG, Carl Zeiss Str. 22, 73447 Oberkochen, Germany) at 10Â magnification. The DNA damage was calculated as the percentage of DNA in the tail measured using the free cell image analysis software, CellProfiler (version 2.0, Broad Institute, 415 Main St., Cambridge, MA 02142 USA) (Carpenter et al. 2006 ) by the free pipeline for comet assay (http://cellprofiler.org/examples/#Comet). For each cell line, four irradiation experiments were performed.
Gamma-H2AX immunofluorescence staining. Analysis of H2AX foci was performed by immunofluorescence staining 30 min, 2 h, and 24 h after exposure. After irradiation, cells were spotted onto coverslips and fixed using 2% formaldehyde/PBS for 5 min, permeabilized using 0.5% Triton-X/PBS for 5 min, and blocked using 1% bovine serum albumin (BSA; Sigma-Aldrich, via Gallarate 154, 20151, Milan, Italy) in PBS for 10 min. Then cells were incubated with a combination of 1:500 mouse monoclonal anti-gamma-H2AX antibody (Merck Millipore Sigma, via Monte Rosa 93, 20149, Milan, Italy) in 1% BSA/PBS for 45 min at room temperature in a wet chamber. Subsequently, cells were washed in 1% BSA/PBS three times and incubated in 1:500 antimouse Alexa Fluor 488 conjugated antibody (Molecular Probes, Life Technologies, Thermo Fisher Scientific) for 30 min at room temperature in a wet chamber in the dark. The cells were washed with PBS and air dried, and finally slides were mounted with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and antifade solution (Vectashield; Vector Laboratories, DBA Italia s.r.l., via Umbria 10, 20090 Segrate, Milan, Italy), covered with coverslips, and sealed at the edges using nail polish. Slides were viewed with an epifluorescence microscope (Imager Z1; Carl Zeiss) equipped with a charge-coupled device (CCD) camera. The automated image acquisition was performed using Metafer 4 software (version 3.6.9, MetaSystems, 70 Bridge St., Suite 100, Newton, MA 02458 USA), and 100-250 fields of each spot were acquired by Metafer Autocapt module using a 63Â objective (Carl Zeiss). To compile all the three-dimensionally distributed gamma-H2AX foci throughout the nuclei in one image, 26 two-dimensional images for each field were acquired with a 0.3 mm z-axis step between two slides. The resulting fields of view (FOV) were transformed into training images (TRN) with "Create TRN from FOV" to allow each color channel to be exported as an individual grey-scale tiff file. The foci scoring was performed on uncompressed high-quality images using CellProfiler software as described by Carpenter et al. (2006) . For each cell line, four irradiation experiments were performed.
Micronuclei antikinetochore antibody (CREST) analysis
Cytokinesis-blocked binucleated (BN) cells were obtained using the cytokinesis block micronucleus (CBMN) technique. After exposure, cytochalasin B (3 mg mL −1 final, Sigma-Aldrich) was added to irradiated and sham samples to block cytokinesis. After 24 h incubation at 37°C, cells were harvested, treated with hypotonic solution (KCl 0.075 M), and fixed in absolute ice-cold methanol. Methanol-fixed cells were processed for antikinetochore staining. CREST antikinetochore antibody (Antibodies Inc., 25242 County Rd. 95, Davis, CA 95616 USA) and fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Sigma-Aldrich) were used. Slides were then counterstained with DAPI (Sigma-Aldrich) (2 mg mL −1 ) 1:1 with Vectashield. MN were classified for the presence (CREST-positive, MN+) or absence (CREST-negative, MN−) of kinetochore reaction with appropriate filters for DAPI and FITC using 63Â magnification. The scoring was performed using a fluorescence microscope Axio Imager M1 (Carl Zeiss) following the scoring criteria described for MN by Fenech and Morley (1985) . At least 1,000 BN were scored for each experiment, and four different exposures to MW radiation were performed for each cell line.
ND analysis (ND FISH with chromosome 4, 10, and 17 centromeric probes) BN cell preparations were obtained according to the procedure previously described for the MN CREST analysis except that fixative treatment was performed in modified Carnoy solution (5:1 v/v methanol/acetic acid). BN cell preparations were then stained by FISH technique using centromeric probes for chromosomes 4 (Cy3, red), 10 (FITC, green) and 17 (Aqua, blue) (MetaSystems). Fixed samples and probe were denatured simultaneously by heating on a hot plate at 75°C for 2 min and incubation in a humidified chamber at 37°C overnight. Slides were washed in different buffers: (1) 0.4Â saline sodium citrate (SSC) for 2 min at 72°C, and (2) 2Â SSC/0.05% Tween 20 (pH 7.0) for 30 s at room temperature; then slides were DAPI/Vectashield counterstained. The scoring was performed using a fluorescence microscope Axio Imager M1 (Carl Zeiss) equipped with a CCD camera, and about 700 BN cells were analyzed per sample for each irradiation experiment. Only BN cells with the correct number of hybridization signals were analyzed and technical artifacts were excluded (Kirsch-Volders et al. 1996) . BN cells with a chromosome 2+2 pattern (two signals for each chromosome/fluorochrome on each nucleus of BN cells) were considered as normal. BN cells with an unequal chromosome distribution of one of the three different fluorochromes (3+1 or 4+0) were considered aneuploid. Only BN cells with the correct hybridization signal numbers were analyzed.
Telomere length analysis
Analysis was performed by the quantitative-FISH (Q-FISH) technique. After MW irradiation, cells were incubated at 37°C for 24 h and 48 h. Chromosome preparations were obtained after 5 h culture incubation in 5 Â 10 −6 M colchicine (Sigma-Aldrich). Metaphase slides and Q-FISH staining were performed as previously described (Berardinelli et al. 2013; De Amicis et al. 2015) . Slides and probes [Cy3 linked telomeric, PANAGENE (54 Techno 10-ro, Yuseong-gu, Daejeon 34027, Republic of Korea), and chromosome 2 centromeric peptide nucleic acid (PNA) probes generously provided by DAKOCytomation (Produktionsvej 42, Glostrup 2600, Denmark)] were codenatured for 3 min at 80°C and hybridized for 2 h at room temperature in a humidified chamber. Slides were then counterstained with DAPI/Vectashield. Images were captured at 63Â magnification with an Axio Imager M1 (Carl Zeiss) equipped with a CCD camera. At least 10 metaphases were analyzed per sample for each irradiation experiment, and four independent exposures were performed for each cell line. Telomere size was analyzed with Isis software (MetaSystems), which calculates telomere lengths as the ratio between total telomere fluorescence (T) and the fluorescence of the centromere of chromosome 2 (C). The centromere of chromosome 2 was used as an internal reference in each metaphase analyzed. Data are expressed as a percentage (T/C%).
Western blot analysis
After MW and sham-thermal exposure, cells were incubated at 37°C for 24 h. Then cells were harvested, washed twice with cold PBS, and lysed in radioimmunoprecipitation assay (RIPA) buffer as previously described (Benvenuto et al. 2016) . For immunoblotting analysis, 50-80 mg of cell lysates were resolved in 10-15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes. Equal loading of protein was verified by Ponceau staining of the membranes and by analysis of actin expression. The assay was then performed as previously described (Masuelli et al. 2014) . A densitometric analysis of autoradiographic bands was performed with ImageJ software (National Institutes of Health, 9000 Rockville Pike, Bethesda, MD 20892 USA) after blot scanning. The comparison of the intensity of immunoreactive bands was evaluated between sham and MW samples, sham and sham-thermal samples, and sham-thermal and MW samples.
Transmission electron microscopy
Ultrastructural analysis was performed on HFFF2 and HDF cells 1 h and 24 h after MW or sham-thermal exposure.
Cells fixed in 2.5% glutaraldehyde in PBS (pH 7.4) at 4°C were observed and photographed by an inverted optical microscope. The samples were then processed for transmission electron microscopy following routine procedure. Ultrathin sections were analyzed by a Philips Morgagni 268D microscope (Masuelli et al. 2007 ).
Statistical analysis
Statistical analyses were performed using different tests according to the assay. The t-test was used for comet assay, H2AX, and fluorescence-activated cell sorting (FACS) analyses. The binomial probability test was carried out for MN-CREST and ND analyses. The statistical analysis of telomere length was performed using the Mann-Whitney U test. Finally, for western blot analysis, a two-tailed Student's t-test was used. Statistical significance was considered to be p ≤ 0.05.
RESULTS

Temperature estimation and sham-thermal experiment
Since the cell culture temperature at the beginning of the irradiation (T i = 30°C) was higher than the ambient temperature (T A = 20°C), the sample asymptotically reached thermal equilibrium over the 20 min irradiation time. Using the formula reported in the Material and Methods section, a maximum expected asymptotic temperature increase DT MAX = 0.6°C above T A was calculated. This is obviously an overestimation of the actual temperature rise.
In order to check whether any biological effects observed were thermal in nature, for both cell lines sham-thermal exposure experiments were performed comparing the effect on MW-irradiated and on sham-thermal HFFF2 and HDF cells using CREST-MN assay, western blot, and ultrastructural analyses. Results are described in the relative sections.
Cell cycle analysis
To determine the effects of MW exposure on the cell cycle of HFFF2 and HDF cells, a FACS analysis of DNA content was performed. Results obtained with irradiated cells were compared to those obtained with sham cells. For both the cell lines, no significant change (p > 0.05) in the different phases of the cell cycle was observed 1 h and 24 h after exposure (Table 2) .
Comet assay
Alkaline comet assay was performed 2 h and 24 h post-MWexposure for both the cell lines. Results illustrated in Fig. 4 evidenced no significant differences (p > 0.05) in DNA damage between sham and irradiated HFFF2 and HDF cells for both time points evaluated.
Gamma-H2AX assay. Results of histone H2AX phosphorylation assay in HFFF2 and HDF cells (Fig. 5 ) indicated no significant differences (p > 0.05) between irradiated and sham samples 30 min, 2 h, and 24 h after MW exposure.
Micronuclei antikinetochore antibody (CREST) analysis
CREST analysis was performed on both cell lines 24 h postexposure. Results on HFFF2 cells (Fig. 6a) showed a significant increase in MN total and in MN+ (p < 0.01) in exposed samples compared to sham and sham-thermal samples. No statistically significant differences (p > 0.05) Fig. 4 . Alkaline comet assay. No differences were observed after irradiation of fetal and adult fibroblasts compared to sham samples. Data reported represent the mean of four independent experiments and bars denote the standard error (SE).
in frequencies of MN− have been observed between the three samples, indicating that the higher total MN frequency induced by MW radiation was due to the increase in MN+.
Similarly, results on HDF (Fig. 6b ) cells indicated that there was a significant increase (p < 0.001) of MN total due to a significant increase (p < 0.001) of MN+ in irradiated cells with respect to sham and sham-thermal samples. No statistically significant differences (p > 0.05) in MN− frequency between irradiated and sham samples were detected.
In both cell lines, results of sham-thermal experiments indicated no increase in MN, suggesting that the biological effect in irradiated samples is not due to temperature variation.
Nondisjunction analysis
Results of ND analysis in MW-exposed and sham samples are illustrated in Table 3 . In HFFF2 cells a significant increase (p < 0.05) of total ND events (ND 4+10+17) in MW-irradiated samples were observed. Considering the chromosomes separately, a significant increase in malsegregation events for chromosome 10 (p < 0.01) was observed. No events of ND for the other two homologous chromosomes analyzed (chromosomes 4 and 17) were observed. No 4+0 tetrasomy or nullisomy were detected in irradiated and sham samples.
Results in HDF cells showed a significant increase (p < 0.01) in total ND and chromosome 17 malsegregation events (p < 0.05) in irradiated samples with respect to the sham samples. The differences in ND events for the other two homologous chromosomes analyzed (chromosomes 4 and 10) were not statistically significant. Also, for these chromosomes no events of unequal distribution were observed.
Telomere length analysis
In Fig. 7 , Q-FISH analysis on sham-and MW-irradiated cells revealed for both cell lines no significant (p > 0.05) telomere modulation in irradiated samples for both time points analyzed (24 h and 48 h postexposure).
Expression of heat shock, cytoskeleton, apoptosis, and prosurvival signaling proteins
The effect of MW and sham-thermal exposure on the expression of heat shock proteins (HSPs), apoptosis, prosurvival signaling proteins, and cytoskeleton proteins was evaluated in HFFF2 and HDF cells 24 h after MW and sham-thermal exposure by western blot analysis. A decreased expression of the proapoptotic Bax in irradiated and sham-thermal-exposed HFFF2 cells was observed (p = 0.01 for MW vs. sham; p = 0.007 for sham-thermal vs. sham). Thus, this effect was not specific. Bcl-2 and p53 expression was not detected (data not shown). In addition, MW and sham-thermal exposure had no effect on the expression of PARP-1 in both cell lines (Fig. 8, panel a) . The expression of actin was similar in irradiated, shamthermal-exposed, and sham cells. Conversely, a decreased expression of tubulin was observed in irradiated and shamthermal-exposed HFFF2 cells (p = 0.02 for MW vs. sham; p = 0.01 for sham-thermal vs. sham). Thus, this effect was not specific. Similar expression of tubulin and actin was observed in HDF cells (Fig. 8, panel a) . The effect Fig. 5 . Gamma-H2AX foci analysis. In fetal (left) and adult (right) fibroblasts, no differences were observed 30 min, 2 h, and 24 h after MW exposure compared to sham. Data are representative of four independent experiments and bars denote SE. Fig. 6 . CREST analysis. A significant increase in MN+ and MN total (Tot) in irradiated samples was observed in (a) fetal and (b) adult fibroblasts. Data are representative of four independent experiments and bars denote SE, **p < 0.01, ***p < 0.001. of MW radiation on the expression and phosphorylation of ERK1/ERK2 (ERK1/2) and NF-kB was investigated. The levels of phosphorylated ERK1 and ERK2 (p-ERK1/2) proteins were compared with the total ERK protein level. MW and sham-thermal exposure did not modify ERK 1/2 phosphorylation or NF-kB expression in HFFF2 and HDF cells (Fig. 8, panel b) . In addition, MW radiation decreased the level of prosurvival kinase AKT phosphorylation (p-AKT) in HFFF2 as compared to sham-and shamthermal-exposed cells (p = 0.0003 for MW vs. sham; p = 0.002 for MW vs. sham-thermal). On the other hand, the decreased expression of p-AKT observed in HDF cells was not specific (p = 0.01 for MW vs. sham and for sham-thermal vs. sham) (Fig. 8, panel b) . Finally, the authors investigated whether MW exposure induces modulation of HSP expression. MW and sham-thermal exposure did not alter the expression of HSPs in HFFF2 and HDF cells (Fig. 8, panel c) .
Ultrastructural analysis
HFFF2 and HDF cells were observed by inverted microscope before ultrastructural analysis and no morphology differences among sham, sham-thermal, and MW-exposed cells were found (Fig. 9, panel A) .
From ultrastructural analysis, sham HFFF2 and HDF cells displayed an elongated appearance with elongated, centrally located nuclei, essentially formed by euchromatin with poor heterochromatin and well-organized nucleoli. Condensed mitochondria, rough endoplasmic reticulum, and primary and secondary lysosomes were observed. Under the plasma membrane, polymerized thin and intermediate filaments were also visible (Fig. 9, panel B) .
Samples were analyzed 1 h and 24 h after irradiation. Cells displayed an elongated appearance with elongated, centrally located nuclei, and no morphology differences were observed 1 h after exposure between sham, shamthermal, and MW-irradiated cells (data not shown). Twentyfour hours after MW exposure, cells showed an elongated morphology with centrally located, elongated nuclei; also the rough endoplasmic reticulum and mitochondria were well preserved. Only an increase in primary and secondary lysosomes was noticed both in HFFF2 and HDF cells. Furthermore, no differences between sham and sham-thermal cells were visible in HFFF2 or HDF.
DISCUSSION
The results of MW effects from previous studies are confusing and controversial, suggesting direct DNA damage, indirect effects, or no biological damage as reviewed by Vijayalaxmi and Obe (2004) , Ruediger (2009), and Vershaeve et al. (2010) . In this unclear scientific context, the aim of this multidisciplinary study was to elucidate the biological effects of in vitro exposure of fetal and adult fibroblasts to 25 GHz MW radiation using cytogenetic and other biological end points.
Results obtained from this study demonstrated that exposure of the two cellular models to MW radiation do not affect the cell cycle in accordance with results already described in other skin cellular models (Sanchez et al. 2006) . Results from comet assay, gamma-H2AX phosphorylation foci analysis, and CREST-negative MN frequency excluded the possibility that MW radiation is able to induce direct DNA damage in fetal and adult fibroblasts, in agreement with results of many previous studies (Vijayalaxmi et al. 2000; Tice et al. 2002; McNamee et al. 2003) . CREST analysis indicated for both cell lines a higher frequency of total MN in MW-exposed cells compared to sham exposures. This increase is evidenced by the positive-MN response, indicating aneuploidy induction, i.e., chromosome loss. Further evidence that MW exposure induces aneuploidy comes from the results of chromosome NDs evaluated for three homologous pairs: chromosomes 4, 10, and 17. These chromosomes were selected because of their involvement in several pathologies and in tumors such as breast cancer, melanoma, and glioblastoma (Persons et al. 1996; Yadav et al. 2009; Abdel-Hamid et al. 2015) .
Aneuploidy induction was observed in both cell lines as indicated by a significant increase in the total percentage of ND events. In fetal cells, chromosome 10 was mainly involved in ND events whereas chromosome 17 was the most affected in adult cells, suggesting that this is a random phenomenon. These results, suggesting that MW radiation induces aneuploidy evaluated as chromosome loss and malsegregation events, contradict those shown by Bourthoumieu and colleagues (Bourthoumieu et al. 2011) while supporting other studies that, using the FISH approach, reported an increased level of numerical chromosome anomalies (Mashevich et al. 2003; Mazor et al. 2003) . Furthermore, previous studies reported an increased MN frequency after MW irradiation that was supposed to be due to chromosome loss because no direct DNA damage was observed in accordance with the effect described in this study (Tice et al. 2002) . Results of telomere modulation by Q-FISH analysis showing no alteration in telomere length of either cell line suggest that this structure is not involved in the aneugenic effect observed after MW exposure.
Western blot analysis in both the cell lines evidenced no differences between exposed and unexposed cells in the modulation of proteins involved in apoptosis or prosurvival signaling and in the expression of actin, tubulin, and HSPs.
Since cytoskeleton filament organization has an important role in spindle formation, in orientation, and thus in accurate chromosome segregation (Kunda and Baum 2009) , cellular ultrastructural analysis was carried out in order to clarify any contributing factors leading to the observed aneuploidy after exposure. The analysis evidenced a normal polymerization of thin and intermediate cytoskeleton filaments both in MW-exposed and sham samples. This result excludes the involvement of cytoskeleton alteration in the evidenced chromosomal instability of exposed cells as differently reported in in vitro studies on the effect of other nonionizing electromagnetic radiation frequencies (Erdine et al. 2009; De Amicis et al. 2015) .
Since correct chromosome segregation relies not only on the structural integrity of the microtubule spindle apparatus but also on the checkpoint signaling pathway (Compton 2011) , it is possible that the observed aneuploidy could be due to alterations of this spindle assembly pathway. Indeed, several works suggested defects in the attachment of spindle microtubules to kinetochores as one of the most common mechanisms that cause chromosome malsegregation in somatic cells and in mammalian oocites (Sgura et al. 2001; Compton 2011; Funabiki and Wynne 2013; Manic et al. 2017) . Then it is plausible to suppose that MW radiation causes alteration of one of the targets of molecular events involved in the attachment of microtubules to kinetochores.
Finally, in order to exclude the observed aneuploidy as a thermal effect, CREST analysis was performed on shamthermal samples in both cell lines. MN frequency in sham-thermal samples was comparable to that observed in sham samples and significantly lower than the frequency detected in irradiated cells. These results suggest the temperature increase that occurred during exposure was not responsible for the observed aneugenic effect. Also, western blot and ultrastructural analyses on HFFF2 and HDF cells indicated no appreciable differences between sham and sham-thermal samples.
Moreover, comparison of results from all the assays does not show a great variability in MW sensitivity between the two cellular models.
CONCLUSION
Data obtained from this study show that MW radiation does not induce direct DNA damage but that there is an indirect effect leading to aneuploidy by chromosome loss and malsegregation events in both fetal and adult fibroblasts. This result is very interesting since data reported in literature on aneuploidy associated with MW exposure are few and controversial. Furthermore, this study is the only one in which aneuploidy has been evaluated using both CREST and ND analyses, making the results very significant. The increased number of aneuploid cells seems to predispose cells to malignant transformation. Aneuploidy is in fact known as a common alteration in many types of cancer (Compton 2011; Holland and Cleveland 2012; Giam and Rancati 2015) . Considering everyone's constant daily exposure to MW radiation, the results showing in vitro aneuploidy induction obtained in this study could contribute to the evaluation of the risks for human health. This emphasizes the importance of further investigations in order to identify, in MW-exposed cells, the molecular mechanisms leading to aneuploidy that is a well-established hallmark of cancer.
APPENDIX SAR calculation for the exposure of human fibroblasts to 25 GHz radiation
In order to correctly estimate the amount of power absorbed in the human fibroblast (HF) layer, one has to take into account the fact that the 25 GHz radiation is partly reflected back at the interface between the bottom of the petri dish and the HF layer. In a plane-wave approximation, the power absorbed in the HF layer (P abs ) is then calculated as:
where P inc is the power of the 25 GHz radiation incident on the petri dish, R = 0.4 is the power reflectivity of water in the range 20-40 GHz, and a HF and D HF are the power absorption coefficient and the thickness of the HF layer, respectively.
Assuming the HF layer has the same extinction coefficient and density as water at 25 GHz (a HFFF2~4 0 cm ) and assuming an estimated value D HF = 10 −3 cm, the thickness of the layer is small compared to the penetration depth and the corresponding SAR can be approximated as:
where M = rAD HF is the mass of the HF layer, A is the irradiation area, and I inc = P inc /A is the intensity of the MW radiation incident on the sample. With the experimental conditions adopted in this study, I inc = 0.80 mW cm −2
, an average SAR value of approximately 20 mW g −1 is obtained.
